Abstract: Hydroxylated rhodamines,c arbopyronines, silico-and germanorhodamines with absorption maxima in the range of 530-640nmw ere prepared and applied in specific labeling of living cells. The direct and high-yielding entry to germa-and silaxanthones tolerates the presence of protected heteroatoms and may be considered for the syntheseso fv arious sila-and germafluoresceins,as well as -rhodols. Application in stimulated emission depletion (STED)f luorescencem icroscopyr evealed ar esolution of 50-75 nm in one-and two-colori maging of vimentinHaloTag fused protein and native tubulin. The established structure-property relationships allow for prediction of the spectral properties and thep ositions of spirolactone/ zwitterion equilibria for the new analogues of rhodamines, carbo-, silico-, and germanorhodamines using simple additive schemes.
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Amongt he multitude of fluorophores reported so far,o nly rhodamines, [1] carbopyronines, [1a] and silicon-rhodamines (SiR) [2] bearing ac arboxyl in the ortho-position of the pendanta romatic ring provides pecific vital labeling and performw elli n super-resolutionf luorescencem icroscopy.T hese dyes exist in equilibrium between zwitterionic (fluorescent)and spirolactone (non-fluorescent) forms.M any cationic lipophilic triarylmethanes bind non-specifically and stain membrane structures. [3] Numerous anionic fluorescent labels,c ommercially available as sulfonates or phosphates, are hydrophilic and highly water soluble but do not penetrate the plasma membrane and are therefore used nearly exclusively in immunostainingo ff ixed cells;a lternative strategies of membrane-impermeant label delivery employ cell-penetrating peptidec onjugates [4] and reversible permeabilization. [5] On the contrary,s everal rhodamine-type dyes specifically stain intact cells when applied as conjugates with small molecule recognition units. [1a, 2a, c, 6] The most widely used recognition units are BG-NH 2 ,B C-NH 2 and HaloTag amine (covalent ligands of the SNAP-tag, [7] CLIP-tag, [8] and HaloTag proteins [9] ). Severaln on-covalent ligands( such as docetaxel, jasplakinolide, or pepstatin A, binding to native b-tubulin,
[2b] F-actin, [2b] or aspartyl proteases in lysosomes, [2c] respectively) have been successfully used as conjugates with fluorescent dyes (see Figure S1 , Supporting Information). However,t he affinity and stainings pecificity of ag iven marker depends on the cell line, the nature of the ligand and the dye, the length of the linker between them,a nd the cell stainingb uffer composition. [2b] Moreover, the spectral variety of photostable dyes suitable for live cell super-resolutionm icroscopy still remains limited.
To addresss omeofthe above-stated limitations, we have recently proposed the introduction of hydroxyl groups into the fluorescent dye molecules as am ethod for increasing polarity, improving solubility in water and preventing unspecific binding. In our previouss tudy,w er eported the dye 580R [1a, 10] (a live-cell two-color STED imaging marker), ar hodamine with two hydroxyl groups in allylic positions. In 580R and its predecessor Atto 590, [1b] the conjugated alkene bonds in dihydroquinoline fragments provide the bathochromic and bathofluoric shifts. [1a, 10] However,these fragments are prone to photo-oxidation and may negativelya ffect the photostablity. [11] Aimed at developing methods for preventing unspecific binding and improvingw ater solubility of fluorescent dyes for living cells, we designed fluorophores with additional hydroxy groups (530RH and 575RH,F igure 1) in non-allylic and non-benzylic positions. Substitution of an oxygen atom in pyroninesw ith ag roup 14 elementa tom (X = Si, Ge, Sn) leads to significant bathochromic shifts in the absorption and emission spectra. [2, 12] The effect is due to lower LUMO energy of these fluorophores explained by conjugation between the s*o rbitals of exocyclicX ÀRb onds and the p*-system of the X-containing tricyclic fragment. [12] The extent of the red shiftf alls in the order Si > Ge > Sn (@ C), as the efficiency of s*-p*o verlap decreases with the increasing atomic radius of Xa nd CÀXb ondl ength. The corresponding Sn-pyronine dyes are unstable;h owever, GeR dye, the directGeanalogueofthe widely used fluorogenic dye SiR, [2a] and its bis-azetidinyl analogue( Ge analogue of the dye JF 646 [6] )r emain unknown [13] (Supporting Information Figure S2) . To investigate the properties of the new fluorophores and the influence of hydroxylationo ns tainings pecificity, we prepared dyes listed in Table 1 ( see also Figure S3 in the Supporting Information).
Bis-hydroxylated dye 530RH with 6'-carboxy-Q-rhodamine (Rh Q -CO 2 H) [14] core wasp repared according to Scheme 1a. Althoughthe parent Rh Q -CO 2 Hiscell-permeant and its conjugate with HaloTag amine provided specific staining in living cells, [1d] the dye is poorly soluble in aqueous media and its secondary amino groups are prone to acylation, which renders the NHS ester unstable.T oc ircumvent these drawbacks,anew dye 530RH was designed, bearing two 2,2,2-trifluoroethyl groups to block its nitrogen atoms from acylation and two hydroxyl groups to offset the hydrophobic properties of N-trifluoroethyl substituents. These substituents impart only slight bathochromic shifts in the absorption and emission spectra, but shift the equilibriumb etween the zwitterionic and spirolactonef orms significantly towards the latter, [1a] facilitating cell membrane penetration. Following the same logic, the dye 560CP (Supporting Information Figure S4 ) and its hydroxylated analogue 570CPH were designed as useful derivatives of the N,N'-unsubstitutedc arbopyronine, which itself has not yet found any applicationi nf luorescent labeling.
The synthesis of hydroxylatedR OX dyes-6'-carboxy derivatives of X-rhodamine (Rhodamine 101), known to have high fluorescenceq uantumy ields both in organic and aqueous solutions-is shown in Scheme1b. The scrambling condensation between acetate 9 and benzophenone 12 a afforded two other dyes (13 b,c)b esides the expected 575RH (13 a)d ue to two consecutive acid-catalyzed reactions:r etro-Friedel-Crafts dissociation of 12 a to compounds 10 and 11 (or trimellitic acid), followed by Friedel-Crafts acylation of 9 with 11.A saresult, an ew benzophenone with a2 -hydroxy-or 2-acetoxyjulolidine fragment was formed, leadingt od ihydroxylated dye 13 b. 6-ROX (13 c)a rose similarly from the retro-Friedel-Crafts byproduct 10.
The hydroxylated analogues of the unknown bis-(N-azetidinyl)-GeR and JF 646 [6] -dyes 630GeRH and 640SiRH,r espectivelywere prepared following the general route on Scheme2.T he method involves ar egioselective bromination of di-O-TIPS-protected bis(3-hydroxyphenyl)silanes or -germanes 16 b,c (TIPS group is required for selectivity) andadoublel ithium-halogen exchange on dibromides 16 followed by ar eaction with dimethylcarbamoyl chloride to yield germa-and silaxanthones 17. The intermediates 17 are general precursors to the variety of sila-andgermafluoresceins and -rhodols, and the proposed approach offers as ignificant improvement with regard to the number of steps, [6, 15] yield [16] and functional group tolerance as compared to earlier preparations.
To evaluatet he response of our dyes to the polarity of the media, as eries of absorption spectra were recorded in aqueous dioxanesolutions with varying water content. The spirolactone-zwitterion equilibrium is shiftedi nf avor of the colored and fluorescent zwitterionic form as the water content increases (Figure 2 ). For each dye, the D 0.5 parameter, [1a] an interpolated dielectric constant of the dioxane-water mixture at which the normalized absorption A/A max (or extinction e/e max )o fthis dye equals one half of the maximal value observed across the entire dioxane-water gradient, was determined (Table1). As expected, the colorless spirolactones of GeR,f luorinated rhodamine 530RH and carbopyronine 560CP undergo ring openingt ot he colored and fluorescent zwitterionic forms in systemsw ith high water content, whereas electron-rich ROX derivatives remain unresponsive, existing predominantly in the zwitterionic form (Supporting Information Figure S5 ). Hydroxylation of the N-alkyl substituents shifts the positiono ft he equilibrium towards the spirolactone form as can be expected from the weak ÀI effect of b-hydroxysubstituents (the increase in D 0.5 observed upon transition from SiR to 640SiRH and from GeR to 630GeRH is 7-8 units).T he hydroxylated dyes display very similar photophysical properties to the parentf luoroScheme2.Synthesis of GeR and SiR dyes. a) nBuLi, À78 8C, then Me 2 GeCl 2 or Me 2 SiCl 2 ;b)NBS;c )nBuLi or tBuLi, À78 8C, then Me 2 NCOCl;d)20, tBuLi (2 equiv), À78 8CtoR T, then HCl;e )21, nBuLi, THF-pentane, À100 8Ct oR T; f) TBAF, then Tf 2 O, pyridine;g)3-(tert-butylsilyloxy)azetidine, cat. Pd 2 (dba) 3 / XPhos, K 2 CO 3 ,d ioxane,1 00 8C, then TBAF,then TFA. Table 1versus dielectric constant D of dioxane-waterm ixtures (575RH and 6-ROX are unresponsive and are not included). The D 0.5 values correspond to the intersection of interpolated graphswith e/e max = 0.5 line. [1a] . In agreement with our earlier observations, [1a] HaloTag(O2) amine ligands derivedf rom silico-and germanorhodamines, as well as from fluorinated carbopyronines 560CP and 570CPH, demonstrated significant fluorogenic response (increase in fluorescencei ntensity upon covalent bindingt oH aloTag protein) in the presence of serum proteins background (Supporting Information FigureS6). The magnitude of the response was consistently smaller for hydroxylated dyes, suggesting ad ecreased binding affinity of hydroxylated ligands. Wec an therefore conclude that moderate or high values of D 0.5 seem to be required, butn ot sufficient for the desirable fluorogenic behavior of triarylmethane fluorescentlabels. [1a, 2c] For the evaluation of performance of our new dyes in superresolution microscopy,l iving HeLa and U2OS cells expressing av imentin-HaloTag fusion protein were incubated for 20 min with 1 mm solutions of 530RH, 570CPH, 575RH, 630GeRH,a sw ell as non-hydroxylated GeR and 6-ROX (13 c), conjugated to HaloTa g(O2)a mine ligand. For labeling of tubulinf ilaments, HeLa cells were incubated with non-covalent b-tubulin ligands, prepared from GeR and 630GeRH and N-Boc-deprotected docetaxel, connected with an 8-aminooctanoic acid linker [2b] (Supporting Information Figure S1 ). All dye conjugates mentioned above provided specific staining and good imaging performance in confocal and STED microscopy (Supporting Information Figures S7-S17), with hydroxylated dyesg enerally requiring higherc oncentrations (e.g.,4 -5 mm for 630GeRH instead of 1 mm or below for GeR).
Isomerically pure 6-ROX dye is one of the "big four" dyes (FAM, JOE, TAMRA and ROX) dominating in the dye-terminator DNA sequencing, but has not yet been applied to live-cell imaging. We have demonstrated that the fluorescenceo fa ll 6-ROX dyes (13 a-c)m ay be efficiently switched off by de-excitation at 775 nm, making them useful complementary partners in two-color STED nanoscopy with SiR or GeR labels. Figures 3, S16 and S17 demonstrate that HaloTag(O2) amine conjugate of 575RH in combination with GeR-tubulino r630GeRH-tubulin ligand provide high quality two-colori magesi nt he most blueshiftedd ye pair still applicable for the widely used 775 nm STED laser line. [17] Comparison of the Figures S9 and S10 confirms that hydroxylation of the rhodaminec orei nt he dye 575RH improves image quality as relatedt ot he commercially available 6-ROX (Supporting Information Ta ble S1).
In addition to the labeling of cytoskeletonp roteins, the new dyes allow for equally specific staining of nuclear components. Living U2OS and Drosophila S2 cells expressing SNAP-a nd Halo-fusion constructs of different nuclear proteins (TRF2, PML, CID, CAL1) were incubated for 10-30 minutes with 0.5-1.0 mm of the chosen dye combination (610CP-BG & 640SiRH-Halo or 580R-Halo [1a] and 640SiRH-BG;B G = SNAP-tag ligand)r esulting in bright stainingf ree from non-specific background (Supporting Information Figure S18 ). The excellent spectral separation of these combinations allowed for colocalization experiments withouts pectral unmixing, mappingt he nuclear protein interaction with sub-diffractionr esolution (Supporting Information Figure S19 ).
Using so-called holographicm icroscopy,w ehave monitored cell morphology and proliferation of living S2 cells with the constant presence of 580R and 640SiRH in the mediao ver 12-16 hours and observed normal cell division (Figure 4 ) with propers taining of the kinetochore proteins,v erified with fluorescence microscopy.Therefore, we conclude that the presence of the protein tags as well as the staining with our dye conjugates does not negatively affect cell viability.
In view of an expanding palette of live-cell compatible dyes and increasing fluorophore substitution diversity,w ep ropose ag eneral method relyingo ns imple additive schemes to estimate the positions of absorption/emission maxima and D 0.5 values of the substitution pattern analogues of triarylmethane dyes. For example, using the data of our previouss tudy, [1a] the properties of dye 560CP in the same solvent( PBS, pH 7.4) have been accuratelyp redicted before its synthesis (Scheme 3).
In conclusion, the proposed cell-and nucleus-permeantfluorescentd yes allow flexible single-and dual-color labeling in living cells. In STED imaging with de-excitation at 775 nm, several dye pairs have been validated (575RH and 635GeRH, 610CP and 640SiRH,a nd 580R and 640SiRH). The improveds ynthetic approacht os ilico-and germanorhodamines has been developed, and the new dyes 640SiRH, GeR and 635GeRH as conjugates with docetaxelo ffer direct and specific visualizationo f native tubulin filaments in non-transfected cells. Hydroxylation of fluorophores, especially of lipophilic rhodamines, improves the staining quality at the cost of the necessity to use higher dye loadings. In sub-micromolar concentrations used for imaging, the dyes of the present study show no evidenceo fc ytotoxicity. The design of future dye analoguescan be streamlined with accumulation of photophysical data and estimation of properties of the new candidates using simple additive schemes. The degree of predictive precision achieved by using the measured values for the knowns tructural analogues is higher than the accuracyp rovided by the present-day computationalm ethods (DFT,T D-DFT), especially for the red-emitting fluorophores. [18] Further increasing of the spectrala nd structural variety of cell-permeant fluorophores will contribute to the designo fn ew experiments in life sciences, including those with more sophisticated multiple color channel separation techniques, such as fluorescencel ifetime imaging and hyperspectraldetection. 
